A range of mineral magnetic, Mo È ssbauer, geochemical, microscopy and molecular biological techniques are applied to a small set of bulk and ®ne fractions of highly magnetic English topsoils that overlie weakly magnetic sedimentary geologies. Results show that the ferrimagnetic component of highly enhanced surface soils is dominated by superparamagnetic (SP) grains with a minor proportion of larger stable singledomain/pseudo-single-domain (SSD/PSD) grains that may derive from magnetosomes and magnetic inclusions. DNA screening of the soils by polymerase chain reaction (PCR) shows that the concentration of viable magnetotactic bacteria is too low (normally <10 2 bacteria g x1 ) to explain the high concentrations of ferrimagnetic minerals observed. There does not appear to be any strong causative relationship between the presence or concentration of Magnetospirillum sp. and soil magnetic properties. Microcosm experiments were able to show that the destructive effects of waterlogging on secondary ferrimagnetic mineral (SFM) formation are rapid and associated with signi®cant changes in bacterial populations. The combined results are used to examine alternative explanations for SFM formation and are consistent with previous ®ndings (Dearing et al. 1996b (Dearing et al. , 1997 ) that ferrihydrite may be an important precursor of bacterially mediated magnetite in strongly magnetic temperate soilsÐa process driven by the rate of Fe¯ux to the biologically active surface soil.
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I N T R O D U C T I O N A N D A I M S
The ferrimagnetic component of many free-draining temperate soils has been shown in numerous studies (e.g. Mullins 1977; Maher 1988; Maher & Taylor 1988; Dearing et al. 1996b; Hanesch & Petersen 1999) to consist of ultra®ne (<0.05 mm) secondary iron oxides of magnetite/maghemite whose magnetic characteristics range from superparamagnetic (SP) to stable single domain (SSD). The nature, origin and formation of secondary ferrimagnetic minerals (SFMs) are still debated, largely because of the dif®culties in ®nding unequivocal evidence for mineral type and grain-size distribution in what are likely to be mixed mineral assemblages existing in low concentrations.
One problem is the discrimination between magnetite and maghemite. Mo È ssbauer spectroscopy offers discrimination but it remains dif®cult to distinguish between non-stoichiometric oxidized magnetite and mixtures of pure magnetite and maghemite (Longworth et al. 1979; Singer et al. 1995) . The claim that maghemite, rather than magnetite, undergoes preferential dissolution in citrate±bicarbonate±dithionite digests (Fine & Singer 1989; Verosub et al. 1993; Singer et al. 1995) is disputed by Liu et al. (1995) , who argue that the ef®cacy of dissolution is grain-size-dependent. All ultra®ne SFMs would be expected to be affected by the treatment and give rise to reduced magnetic concentrations in digested residues. A further problem area is the origin and formation of SFMs. Most workers accept that`fermentation' or biologically induced mineralization (Lowenstam 1981 ) mechanisms produce ®ne-grained SP and/or SSD ferrimagnetic grains. However, highly ordered magnetosomes of pure SSD magnetite are also produced intracellularly by soil magnetotactic bacteria (Fassbinder et al. 1990; Fassbinder & Stanjek 1993) . They are easily identi®ed in magnetic extracts (Hounslow & Maher 1996 , 1999 using transmission electron microscopy with X-ray energy dispersion, but there is sparse evidence for their presence in soils despite the positive identi®cation of viable magnetotactic bacteria in at least one soil pro®le (Fassbinder et al. 1990 ). More commonly, TEM studies of soil magnetic extracts show clusters of both extremely ®ne particles and larger silicate minerals containing magnetite inclusions (Maher 1988; Hounslow & Maher 1996 , 1999 .
For mineral magnetic measurements, attention is focused on those measurements that from empirical or theoretical bases provide information about ferrimagnetic domain state and grain size. SP grains (Dunlop 1973) are detected by high values of low-®eld magnetic susceptibility (x LF ) and frequencydependent susceptibility measurements (x FD ) (e.g. Stephenson 1971; Mullins & Tite 1973; Maher & Taylor 1988; Forster et al. 1994; Dearing et al. 1996a) , which together with low-temperature remanence measurements (e.g. Banerjee et al. 1993; Hunt et al. 1995) may give information about grain-size distributions in the size range 0.01±0.025 mm (Dearing et al. 1997; Eyre 1997 ). Maher's (1988) studies of synthetic magnetite grains showed that SSD grains possess relatively high values of normalized anhysteretic remanent magnetization (x ARM ), supporting earlier ®ndings (King et al. 1982 ) that x ARM measurements are powerful granulometric tools. Old®eld (1994) proposed the use of x ARM /x LF and x ARM /x FD ratios to discriminate between samples with predominantly SSD bacterial magnetosomes and SP ferrimagnetic grains, whereas Dearing et al. (1997) argued that an improved basis for discrimination uses x ARM /IRM 1T and x FD per cent (Old®eld et al. 1985; Maher 1988; Maher & Taylor 1988) . However, there remains no unequivocal rock magnetic method for discriminating between SSD magnetosomes and SSD grains from other origins.
Since the original arguments by Le Borgne (1955) for SFM mineral formation by fermentation mechanisms, there has been a gradual improvement in understanding the roles of pedogenic processes and the factors involved in controlling the formation and accumulation of SFMs (cf. Singer et al. 1996; Maher 1998) . Dearing et al. (1996b Dearing et al. ( , 1997 have argued that the major control on the production of SFMs in well-drained surface soils at a regional scale (10   1   ±10 2 km) across England and Wales appears to be linked to the supply of available Fe from weathering processes. Soil conditions, such as drainage and soil texture, may modify this control at local scales (<10 x1 ±10 1 km), and there is little evidence for widespread controls by bacterial magnetosomes (cf. Fassbinder et al. 1990) or authigenic ferrimagnetic iron sulphides (cf. Stanjek et al. 1994) . More recently, Maher (1998) has proposed that the supply of Fe is less of a limiting factor than the competitive interplay between the formation of SFMs and non-ferrimagnetic secondary minerals, such as goethite and lepidocrocite. Hanesch & Petersen (1999) used a combination of mineral magnetic measurements, TEM and experiments with growth media to demonstrate the importance of iron-reducing bacteria in the growth of extracellular bacterial magnetite in a parabrown soil. The present paper examines these arguments further and reports the results of magnetic, geochemical, microscopy and DNA analyses of a small set of highly magnetic English topsoils overlying weakly magnetic or diamagnetic parent materials.
The aims are fourfold: (i) to characterize the magnetic, mineralogical and geochemical properties of strongly enhanced temperate soils; (ii) to evaluate the contribution of bacterial intracellular magnetosomes to the magnetic properties of strongly enhanced temperate soil through molecular detection of viable magnetotactic bacteria populations; (iii) to use molecular techniques to provide insight into bacterial activity in real-time microcosm experiments; (iv) to use the results to con®rm or refute existing theories of SFM production.
M E T H O D S A N D T E C H N I Q U E S
Sampling sites for highly magnetic soils in England (Table 1) were selected from a database of # 1200 surface soil susceptibility measurements (Dearing et al. 1996a; Hay 1998) per cent >10). These were assumed to represent optimum conditions for the formation and accumulation of SFMs (Dearing et al. 1996b) . Sites close to roads, industry or downwind of urban areas were excluded to avoid sampling soils contaminated by magnetic pollution particles. A fresh sample of soil was collected from each site (depth #5±20 cm). At one site (Brendon Hill) several samples were collected to the depth of the weathered shale substrate at 50 cm, and other samples from English and tropical locations were included in the molecular screening exercise for purposes of comparison.
Samples were air-dried and sieved through 2000 mm and 38 mm sieves. Following the methods described by Walden et al. (1999) , a range of mass-speci®c isothermal and thermal magnetic measurements were made on the <38 mm fractions: hysteresis loop (VSM) magnetization (0±1 T) giving saturation magnetization (M s ), coercive force (H c ) and paramagnetic susceptibility (x PARA ); low-and high-frequency (470 and 4700 Hz) AC susceptibility (x LF , x FD and x FD per cent); isothermal remanent magnetizations at 1 T forwards (IRM 1 T ) and subsequent back®elds of x20 mT (SOFT) and x300 mT (HIRM); very high-®eld (VHIRM) remanence measured between x2 and x7 T following magnetization at 7 T; susceptibility of anhysteretic remanent magnetization (x ARM ), low-temperature (77±300 K) susceptibility; and Curie balance thermomagnetic analyses (0±700 uC). Susceptibility measurements were also made on bulk (<2000 mm) fractions.
Total chemical elements (Si, Al, Ti, Ca, K, Fe, Mn, S, Cu, Pb, Zn, Br, Zr, Rb, Sr) were analysed by X-ray¯uorescence (XRF) calibrated to Buffalo River Sediment standards; concentrations of pyrophosphate, oxalate, dithionite and total extractable Fe (Fe p , Fe o , Fe d and Fe tot ) were measured by atomic absorption spectrophotometry (AAS); clay mineralogy was obtained from X-ray diffraction (XRD) spectra; and room temperature Mo È ssbauer spectra were obtained on selected samples. The <38 mm fraction was used in a magnetic extraction procedure (Hounslow & Maher 1996 , 1999 to concentrate ultra®ne ferrimagnetic minerals for transmission electron microscopy (TEM) and X-ray dispersion (EDAX) analyses.
Different types of magnetotactic bacteria have previously been isolated and described in sediments (Amann et al. 1995) and soils (Fassbinder et al. 1990) . Polymerase chain reaction (PCR) primers, speci®c to Magnetospirillum sp., were designed to amplify a 0.956 kb fragment from position 40 to position 956 on the 16S rRNA gene:
The speci®city of the primers was checked using the Basic Local Alignment Search Tool (BLAST) algorithm (Altschul et al. 1990 ). The forward primer had 100 per cent homology to 16S rRNA from Magnetospirillum sp. and Oscillatoria sp. and 95 per cent sequence identity to R. sphaeroides 16S rRNA; the reverse primer was speci®c for Magnetospirillum sp. Primers were also constructed that were speci®c for magnetococci from published sequences (Thornhill et al. 1995 Huddleston et al. (1997) . Using the direct PCR approach with genus-speci®c primers, the detection limit was 10 3 bacteria g x1
. Nested PCR was also carried out by amplifying the 16S rRNA sequences using the universal primers of Edwards et al. (1989) :
This product was then used as the template in a PCR reaction using the genus-speci®c primers. The detection limit using nested PCR was 10 2 bacteria g x1 . Two microcosm experiments were designed to observe changes in magnetotactic bacteria and bacterially controlled magnetic properties over time. In the ®rst experiment, microcosms were set up with Tavistock soil (60 g) in Beckman centrifuge pots and amended with combinations of inoculated bacteria (10 2 bacteria g x1 ) and Magnetospirillum II medium (1 ml g x1 ) (Blakemore et al. 1979) . Microcosms were then incubated at room temperature and destructively sampled when required. In the second experiment, 35 microcosms (duplicates and triplicates) using a combination of sterile and non-sterile Leighterton soil (80 g:20 g, respectively) in 250 ml plastic bottles were used to test the effects of different soil water regimes, organic matter contents, mean temperatures and Fe concentrations (Table 2 ) on the bulk soil magnetic susceptibility over a period of 27 weeks (Hannam 1999) . Volume measurements of magnetic susceptibility (k LF ) and frequency-dependent susceptibility (k FD and k FD per cent) were measured each week using Table 2 . Microcosm design for the investigation into the in¯uence of biotic and abiotic controls on soil magnetism (Leighterton soil). Lane numbers refer to Fig. 4 Highly magnetic soils in England 185 a specially designed wide-diameter Bartington MS2 dualfrequency sensor. Total community DNA was extracted from the soil (1 g) at time 0 and time 27 weeks from those microcosms showing the largest magnetic changes. The population structure was investigated by PCR ampli®cation of the 16S rRNA using universal primers and the resultant PCR products were separated using denaturing gradient gel electrophoresis (DGGE), following the method of Muyzer et al. (1993) , using a 60:40 gradient gel electrophoresed for 4 hr.
D A T A D E S C R I P T I O N A N D I N T E R P R E T A T I O N Magnetic and Mo È ssbauer analyses
Isothermal magnetic susceptibility measurements of x LF , x FD and x FD per cent in surface soil samples are, with the exception of Tavistock soil, higher in <38 mm fractions than <2000 mm samples, showing that SFMs are normally concentrated in silt and clay fractions ( ). Hysteresis loops (Fig. 1a) for the <38 mm fraction show a dominant lowcoercivity grain assemblage with values for H c <3.5 mT, with a relatively small paramagnetic component (x PARA per cent <5.5), as indicated by the gradient of the high-®eld linear curve. Ratio parameters (Table 3) . Values for high-coercivity remanences are low, with values of HIRM lying below 3 per cent, and values of VHIRM per cent identifying the presence of`goethite' lying below 5.1 per cent. Values for lowcoercivity IRM (SOFT per cent) are high at 53±61 per cent and similar to previous values for enhanced soil (Maher 1988) . The Brendon Hill pro®le (Table 3) shows ferrimagnetic minerals declining in concentration (x LF , x ARM , IRM 1T , M s ) and coarsening with depth, whilst concentrations of high-coercivity and paramagnetic minerals increase with depth.
Bivariate scatter plots of x ARM /IRM 1T against x FD per cent values for <38 mm surface soils (not shown), calibrated to synthetic grain sizes of magnetite and maghemite (Maher 1988) and proportions of SP to non-SP grains (Dearing et al. 1997) , suggest #25 per cent ®ne SSD (30±40 nm) grains and #75 per cent SP (<30 nm) grains. x ARM /IRM 1T values for subsurface Brendon Hill samples suggest coarser SSD/PSD (pseudosingle-domain) (>40 nm) grains, but there is no evidence for multidomain (MD) grains. Mo È ssbauer spectra (Fig. 1b) for the Truro 1, Looe and Leighterton samples suggest y80±84 per cent SP grains and 16±20 per cent stable single-domain (SSD) grains in the magnetically ordered fraction (Table 4) .
Linear and positive low-temperature (77±300 K) susceptibility curves (Fig. 1c) indicate predominantly SP behaviour. As the temperature rises, speci®c grain sizes cross their blocking temperature threshold, equivalent to SP grain volume, and shift from SSD to SP behaviour with a resultant rise in susceptibility. SSD grains show constant susceptibility values with temperature. Thus, the linear or slightly convex (upwards) curves indicate positively skewed distributions of SP grain diameters and the additive effect of SSD and SP curves. The ratio x 77 /x 300 expresses the loss of susceptibility between the two temperatures. For the English samples, values lie in the range 0.51±0.70 but values are as low as 0.46 for one extremely magnetic soil sample (x LF ) from Cuba. This is a lower range than Maher (1988) calculated (0.68±0.87) for synthetic submicron magnetites (mean diameters 17±69 nm), which showed, in contrast, concave (upwards) curves indicating negatively skewed (i.e. coarser) grain distributions containing appreciable proportions of SSD grains. The temperature range (77±300 K) may detect only a proportion of SP grain sizes, with a lower limit of 16±22 nm, assuming spherical non-interacting grains (Dearing et al. 1997) . The data therefore suggest a common distribution of SFM grains, skewed towards the ®ne±mid SP grain-size range, with a`tail' of SSD grains and the likelihood of a signi®cant proportion of grains smaller than 16±22 nm.
Thermomagnetic analyses in a constant applied ®eld (500 mT) show irreversible but similar effects (Fig. 1d) in all surface samples. The heating curves are linear or slightly convex (upwards), reducing to near-zero magnetization (Curie temperatures) at 580±625 uC, with two features at 250±300 uC and # 450 uC. In all but one case (Truro 1), the cooling curves are steeper, and also linear or slightly convex, indicating the growth of a ferrimagnetic phase equivalent to between a 1.2-and 6.0-fold increase in magnetization during the cycle. The linear-convex shape of the heating curve suggests the combined effect of a dominant SP grain assemblage with a blocking temperature at or below 30 uC, where magnetization is inversely proportional to temperature, and an SSD component with ā at curve at temperatures <400 uC. Curie temperatures are 575±600 uC, suggesting the possibility of non-stoichiometric magnetite±maghemite mineral phases or a mixed assemblage of magnetite and maghemite minerals. The ®rst feature, a rise and drop in magnetization between 250±300 uC and 350±400 uC, may represent the transformation of lepidocrocite to maghemite, followed by the inversion of maghemite (possibly the surface oxidized layers) to haematite (Gehring & Hofmeister 1994; Liu et al. 1995) . The second feature (#450 uC) is related either to the presence of SSD±PSD grains reaching peak magnetization below their Curie temperature, or to the transition temperature at which thermal transformation of paramagnetic to ferrimagnetic phases occurs. Curves for the subsurface Brendon Hill samples' show higher Curie temperatures (#625 uC, suggesting the presence of maghemite), a loss of the two mineral transformation features seen in the lowest two samples and a reduced ferrimagnetic component upon cooling. Overall, the data for surface samples suggest the presence of lepidocrocite and a ferrimagnetic mineral assemblage of ®ne magnetite and maghemite or maghemitized magnetite in dominantly SP grain sizes with some SSD±PSD grain sizes. The magnetite±maghemite balance may change towards maghemite with soil depth. On cooling, the magnetization increases as non-ferrimagnetic Fe-oxides and hydroxides thermally convert to ferrimagnetic phases following reduction caused by ignited organic matter, an effect that is reduced in subsurface samples where the levels of organic matter are lower.
Geochemistry and XRD
X-ray diffraction spectra show similar mineralogies for all soil samples, with low concentrations of quartz, chlorite, muscovite (2M1) and a low-temperature K-feldspar, possibly microcline Table 3 . Mineral magnetic concentration data (a) and ratio parameters (b). All samples at depth 5±20 cm except Brendon Hill 1 (5 cm), 2 (10 cm), 3 (30 cm) and 4 (# 50 cm weathered shale). Highly magnetic soils in England 187 ( 
TEM and EDAX
Transmission electron microscopy images of the magnetic extracts show no evidence for the presence of structurally ordered magnetic grains indicative of magnetosomes, even in samples with positive results from DNA screening (see below). The extracts are dominated by Fe-rich discrete subrounded particles (size range 100±200 nm) with bulk elemental compositions (EDAX) dominated by Si, Fe, Al, K, Ca and Ti indicative of silicate minerals, plus much ®ner particles (<20 nm) existing as clusters or adhering to the larger particles. The TEM results are consistent with other evidence that argues for a dominant ®ne-grained, largely SP component (<30 nm), with insigni®cant contributions from bacterial magnetosomes. The presence of silicate minerals in the extracts suggests that SSD and PSD magnetic inclusions (Hounslow & Maher 1996 , 1999 ) also contribute to the bulk magnetic properties.
Molecular screening
DNA extracted directly from soil was screened by both direct and nested PCR (Table 5 ). 16S rDNA sequences with identity to Magnetospirillum sp. were detected at levels of #10 2 cells g x1 in two topsoil samples (Truro 1; Tavistock) using nested PCR with the Magnetospirillum sp. speci®c primers on total 16S rDNA ampli®ed from soil. Using this method, Magnetospirillum sp. were also detected at this level in two additional tropical soils (Havana and Zimbabwe) and two lake sediments (Earth Centre and Tocil Lake). Two of the tropical soils (Puerto Rico and Venezuela) contained at least 10 3 cells g x1 , which were detected using just the speci®c primers. No magnetic cocci were detected in any of the samples Table 4 . Geochemical and Mo È ssbauer data. All samples at depths of 5±20 cm except Brandon Hill 1 (5 cm), 2 (10 cm), 3 (30 cm) and 4 (#50 cm weathered shale).
Lab. No. screened. Results from screening samples from the Brendon Hills soil pro®le (Table 6) were negative for the surface and topsoil samples, but positive for the soil/weathered shale interface (50 cm) and shale parent material.
Using the wet sieving method of Hattori (1988) , Tavistock soil (60 g) with its naturally active population of Magnetospirillum sp. was fractionated, and DNA extracted from each fraction and screened for Magnetospirillum sp. Magnetospirillum sp. were only detected in the 2±20 mm fraction (Table 7) , suggesting a speci®c niche de®ned by microaerophilic conditions in micropores. Magnetic analyses of the different fractions showed no signi®cant ferrimagnetic differences but the 2±20 mm fraction contained a strong paramagnetic component (x PARA ), indicating a relatively high concentration of Fe-bearing minerals.
Microcosm experiments

Survival of Magnetospirillum sp. in bulk soil
An increase in Magnetospirillum sp. was detected after 1 month in all microcosms that had been inoculated with M. gryphiswaldense. An increase was also detected in the non-sterile microcosm that was only amended with Magnetospirillum medium. Two microcosms were run for 2 months (sterile+medium+ M. gryphiswaldense and non-sterile+medium+M. gryphiswaldense) and after this time showed reduced numbers of M. gryphiswaldense. Although M. gryphiswaldense occurs in microaerophilic conditions such as sediments, it can survive for short periods in aerated soil, but in these experiments numbers decreased after 8 weeks, suggesting poor long-term survival. Microcosms showing genetic evidence for an increase in the numbers of viable magnetotactic bacteria showed no signi®cant changes in bulk magnetic properties. Table 8 summarizes the changes in volume (k) magnetic susceptibility parameters over 27 weeks for eight sets of microcosm conditions. Distinctive changes (Fig. 3 ) occurred in microcosms set at 3 and 28 uC, where cyclical changes in all three parameters were observed. In microcosms manipulated for soil water conditions, k FD and k FD per cent values showed evidence for long-term declines in both waterlogged (k FD losses 5±10 per cent; 0.5±1.0 k FD per cent unit losses) and wet/dry cycle regimes (k FD losses #0.5 per cent;<0.7 k FD per cent unit losses), and k LF values showed minor (<1.5 per cent) increases in the waterlogged microcosms (Fig. 3) . The cyclical changes are not as yet fully explained but the declines in total SFM concentrations, SP concentrations and SP grain proportions are attributed to the dissolution of ®ne grains under increasingly reducing conditions under both water regimes. The wet/dry cycling experiment actually led to substantial waterlogging over periods of several weeks and did not simulate short-term wet/dry cycles in ®ne-textured free-draining soils (Hannam 1999) . The gain in k LF values may be caused by an increase in the production of magnetosomes or the ferrimagnetic iron sulphide greigite. None of the microcosm experiments showed evidence for a signi®cant concentration of SP grains, newly formed over a 27 week period.
Long-term community analysis
Results from PCR analyses (Fig. 4) of the microcosm soil (Leighterton) showed no detectable products for M. gryphiswaldense (Fig. 4, lane 1) at time (0) (Fig. 4, lane 2) but sparse concentrations were detected in the lower parts of a waterlogged microcosm after 27 weeks (Fig. 4, lanes 5 and 6) , in which SP grain concentrations had declined. They were also detected in one glucose-amended microcosm (Fig. 4, lane 13) which had shown no signi®cant magnetic changes. Two sets of changes in the non-magnetotactic bacterial population occurred after 27 weeks. First, the predominant 16S rRNA PCR products in the glucose-and ®ne-straw-amended microcosms gave closely matching DGGE banding patterns (Fig. 4, lanes 13  and 14) and retained some of the products found in the time (0) control microcosm. Second, those microcosms subjected to either wetting and drying cycles (equivalent to partial waterlogging) or permanent waterlogging showed an increase in the number of bands after 27 weeks, including at least three bands not found in the control microcosm (Fig. 4, lanes 4±12) . Most of these microcosms showed evidence for reduced ferrimagnetic concentrations or reduced proportions of SP grains over the same period.
D I S C U S S I O N
The results of magnetic, Mo È ssbauer, geochemical, XRD, TEM and EDAX analyses are all consistent with an assemblage of SP grains dominating the magnetic properties of highly magnetic surface soil samples (<38 mm), with an additional smaller 
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Other soils Havana (163) proportion of SSD/PSD grains. SP grains constitute 75±85 per cent of the combined superparamagnetic and ferrimagnetic fraction. This is similar to estimated values (70±80 per cent) for bulk samples of highly enhanced Welsh soils (Dearing et al. 1997 ) using low-temperature remanence measurements, and to values (80±90 per cent) for other enhanced English soils using magnetic viscosity and other grain-sensitive magnetic parameters (Mullins & Tite 1973) . The grain-size distributions are apparently skewed towards ®ne±medium SP grains (cf. Dearing et al. 1997) , which may mean that percentage ®gures calculated from low-temperature magnetic measurements underestimate the proportion of SP grains. By comparison, previous Mo È ssbauer analyses (4.2 and 300 K) showed lower percentages (14±51 per cent) in <125 mm fractions of burned soil but #100 per cent for one enhanced subalpine soil (Longworth et al. 1979) . The identi®cation of the dominant type of ferrimagnetic mineral is imprecise, but Curie temperatures suggest cation-de®cient magnetite or a mixture of magnetite and maghemite phases, with a possible increase of maghemite with increasing soil depth. One important ®nding is the effect of high concentrations of SP grains on isothermal magnetization and remanence parameters. All the surface samples show low-coercivity behaviour (e.g. low H c and high SOFT IRM values) and underline the unimodal-shaped relationship between grain size and coercivity Figure 3 . Weekly measurements of volume susceptibility parameters k LF (10 x5 SI dimensionless), k FD (k LF ±k HF 10 x5 SI dimensionless) and k FD per cent for temperature-(left) and moisture-(right) manipulated microcosms. Heider et al. 1987) , and SOFT IRM values have been used to detect low-coercivity multidomain minerals or to estimate total ferrimagnetic concentrations. Therefore, there is the potential for confusion in mixed-domain assemblages, comprising SP and MD states, if coercivity-related parameters are used diagnostically without support from other measurements (cf. France et al. 1999) .
DNA screening of the soils shows that the maximum concentration of magnetotactic bacteria in these English soils is small (#10 2 bacteria g x1 ) and of a similar order to the results of Fassbinder et al. (1990) . Further research comparing both direct and indirect observations of magnetotactic bacteria in soils and sediments are required. However, on the present evidence, simple calculations (see Appendix) for a linear accumulation of 30 magnetosomes in 100 bacterial cells per day for 10 4 years explain only #0.4 per cent and #0.02 per cent of the mean and maximum x LF values, respectively, for 1200 English surface soils (Dearing et al. 1996b) . The results of screening indicate that Magnetospirillum sp. favour the lower boundary of the B horizon, where it may be presumed that longer periods of waterlogging maintain suf®ciently low levels of free oxygen, a ®nding supported by the poor survival of inoculated populations in aerated soil. The positive identi®cation of the species in the Leighterton soil microcosms after waterlogging and in ®ne soil aggregates (2±20 mm) of Tavistock soil are also consistent with the microaerophilic preferences of the organism (Blakemore et al. 1985) , as is the positive identi®cation of these species in the lake sediment samples (Table 5) . With the exception of the unsubstantiated link between the growth of magnetotactic bacteria and a small rise in x LF in the waterlogged microcosms, there are no lines of evidence to support causative relationships between soil magnetic properties (<38 mm) and the modern presence of Magnetospirillum sp. in the soils studied. The presence of viable magnetotactic bacteria in tropical soils in concentrations higher than #10 3 bacteria g x1 is an interesting but unexplained ®nding.
Bacterially mediated processes, particularly Fe-reduction, are strongly implicated in the formation of SFMs (Hanesch & Petersen 1999) . In the present study, DGGE analyses show that the experimental soil conditions that most altered the nonmagnetotactic bacterial populations are those that raise the organic supply and lower free-oxygen levels through waterlogging. However, only the latter are related to measurable magnetic changes, and these were largely due to the decline in the proportions of SP grains. The appearance of new bacterial groups, corresponding to new DGGE bands in the waterlogged soils, may indicate that waterlogging allows the rapid transgression of threshold conditions between Fe-reduction of non-ferrimagnetic (e.g. ferrihydrite) and ferrimagnetic (e.g. magnetite and maghemite) minerals through the formation of new bacterial niches with different Fe-reducing bacterial populations. Transgression of the threshold leads to SFM destruction rather than formation. Despite the fact that it has not been possible, at present, to sequence the predominant bands so that they may be matched to known bacteria, the DGGE technique has proved to be an effective technique in providing an estimate of changes in bacterial diversity.
Broadly de®ned fermentation mechanisms of SFM production involving Fe-reduction were ®rst postulated by Le Borgne (1955) . The present ®ndings can now be set against more recent attempts to identify speci®c mineralogical sequences and their boundary conditions in speci®c environments. The present study con®rms results from other studies (cf. Dearing et al. 1997) of strongly enhanced soils for the presence of both SP and SSD grains in typical numerical proportions of 75:25, with a grain assemblage distribution skewed to the ®ne±medium SP grain-size range. This prompts questions about the origins of this distribution and especially the coarse SSD/PSD tail. One view is that the pattern is consistent with the Taylor et al. (1987) low-temperature syntheses of magnetite, which produced a wide range of grains, 10±70 nm, straddling the SP/SSD boundary. Alternatively, the pattern is consistent with the ®ndings of Hounslow & Maher (1996) , Hounslow & Maher (1999) and this study that a signi®cant but as yet unquanti®ed fraction of SSD/ PSD grains are primary minerals held as <100 nm inclusions within quartz and feldspar minerals. Accumulated concentrations of magnetosomes would also contribute to the SSD population, although our calculations suggest that even over 10 4 years this component is insigni®cant in terms of modern susceptibility values of English soils. Hounslow & Maher (1996) estimated the contribution by magnetic inclusions and geological' magnetosomes to surface soil IRM 1T values overlying Cretaceous chalk to be <1 per cent. Data presently available are too few to make ®rm conclusions, but the evidence argues for a persistent contribution by magnetic inclusions and magnetosomes to the SSD/PSD component of many enhanced soils. However, their combined contribution to the SSD/PSD fraction appears to be at a level well below the ®gure of #25 per cent calculated by magnetic and Mo È ssbauer analyses. As observed by Maher (1998) for soils also from SW England, the thermal evidence for the presence of lepidocrocite and its subsequent conversion of lepidocrocite to maghemite at #300 uC ( Fig. 1 ) refutes any argument for recent burning as a cause of SFM production in the soils studied. Burning (cf. Le Borgne 1960) and magnetotactic bacteria can therefore probably be excluded as important factors of SFM accumulation in most free-draining temperate soils (Dearing et al. 1996b; Maher 1988) .
The argument by Dearing et al. (1996b) for ferrihydrite as a key element of SFM formation is supported by the results of differential Fe digestion. Oxalate digestion removes amorphous and poorly crystalline iron hydrous oxides, of which ferrihydrite is often the dominant mineral. The positive and linear relationships between Fe o and Fe tot and between Fe o and x LF are entirely consistent with ferrihydrite, produced inorganically as a consequence of high levels of FeII, as the main precursor of SP/SSD magnetite via bacterially mediated Fe-reduction. High levels of FeII produced as a result of hydrolysis and solution are maintained by a high¯ux of Fe from primary Fe-bearing minerals to the microbiologically active zones. It may be assumed that the¯ux is a product of initial Fe concentration and the rate or duration of weathering (Dearing et al. 1996b) , and will be aided by the net upward movement of particles from subsoil by earthworms. The data presented by Dearing et al. (1996b) The likelihood of competitive interplay between ferrimagnetic and non-ferrimagnetic formation (Maher 1998) is not excluded by these ®ndings, but appears to be a second-order factor in determining the concentration of SFMs.
The microcosm results demonstrate the rapid rate at which a reduction in free oxygen through waterlogging may lead to mineral reduction and a loss of ferrimagnetic concentrations. However, the data are less informative about the preferential SFM formation pathways under different temperature, pH and redox conditions and perhaps underline the importance of growth media to enhance Fe-reducing bacterial populations and SFM concentrations (Hanesch & Petersen 1999) . Ratios such as x LF /x PARA , x LF /HIRM and x LF /VHIRM might be expected to be relatively low, where goethite and lepidocrocite are preferentially precipitated in favour of magnetite in low-pH and high-oxidation-rate conditions (Taylor et al. 1987; Maher 1998) . However, the present data are insuf®cient to test this idea. Low pH and high oxidation rates in temperate conditions are, however, synonymous with podzolization. For English soils (Dearing et al. 1996b; Hay 1998) , weak podzolization in brown podzolics is linked to the highest SFM concentrations of any soil type (mean x LF =3.56r10 x6 m 3 kg x1 ), whereas intense podzolization in humic-iron podzols is linked to mineral chelation and low concentrations (mean x LF = 0.27 r 10 x6 m 3 kg x1 ). It may follow that laboratory conditions that optimize the formation of non-ferrimagnetic minerals are not easily extended to the soil environment, where the same conditions are also associated with acid weathering and an increase in Fe supply.
C O N C L U S I O N S
(1) Magnetic, Mo È ssbauer, geochemical, XRD, TEM and EDAX analyses of <38 mm fractions from highly magnetic English surface soils are all consistent with an assemblage of SP and SSD grains (typically 75:25) dominating the magnetic grains.
(2) The grain-size distributions are apparently skewed towards ®ne±medium SP grains with a coarse tail of SSD/PSD grains, which may derive from magnetosomes and primary magnetic inclusions.
(3) DNA screening of the soils shows that the maximum concentration of magnetotactic bacteria in these English soils is generally small (#10 2 bacteria g x1 ) and is unlikely to explain the high concentrations of ferrimagnetic grains.
(4) Microcosm experiments and DNA analyses show that the long-term viability of magnetotactic bacteria in aerated soils is poor and concentrations may be highest in B horizons, where free oxygen is often limited by waterlogging.
(5) Magnetic measurements of manipulated microcosms show that waterlogging can signi®cantly reduce ferrimagnetic concentrations over a period of 27 weeks, which DGGE analyses suggest is linked to the development of new bacterial populations. Attempts to manipulate microcosms to cause a measurable enhancement of SFMs within a period of 27 weeks were unsuccessful.
(6) The results are consistent with the previous conclusion by Dearing et al. (1996b Dearing et al. ( , 1997 that maximum rates of SFM formation in temperate climates are set by the rate of Fe supply, which in turn leads to the preferential formation of ferrihydrite and the bacterially mediated formation of magnetite.
Destruction of ferrimagnetic minerals or suboptimal conditions for Fe-reducing bacteria, rather than the preferential formation of non-ferrimagnetic minerals, is a more likely cause of less-than-maximum SFM concentrations.
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